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Abstract

Ultraviolet (UV) irradiation and other genotoxic stresses induce bulky DNA
lesions, which threaten genome stability and cell viability. Cells have evolved
two main repair pathways to remove such lesions: global genome nucleotide
excision repair (GG-NER) and transcription-coupled nucleotide excision
repair (TC-NER). The modes by which these subpathways recognize DNA
lesions are distinct, but they converge onto the same downstream steps for
DNA repair. Here, we first summarize the current understanding of these
repair mechanisms, specifically focusing on the roles of stalled RNA poly-
merase II, Cockayne syndrome protein B (CSB), CSA and UV-stimulated
scaffold protein A (UVSSA) in TC-NER. We also discuss the intriguing
role of protein ubiquitylation in this process. Additionally, we highlight key
aspects of the effect of UV irradiation on transcription and describe the role
of signaling cascades in orchestrating this response. Finally, we describe the
pathogenic mechanisms underlying xeroderma pigmentosum and Cockayne
syndrome, the two main diseases linked to mutations in NER factors.
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1. INTRODUCTION

While DNA is a relatively stable molecule and therefore an excellent carrier of genetic infor-
mation, it is constantly subject to modification by endogenous and environmental mutagens. In
fact, a vulnerability of DNA resides in the chemical structure of the nitrogenated bases: The elec-
trons in the conjugated double bonds are excited by ultraviolet (UV) irradiation, turning the bases
into reactive species that can form dimers with their neighboring nucleotides, thus making DNA
damage as ancient as DNA. Reactive oxygen species, alkylating agents, metabolites and toxins,
reactive metal compounds like cisplatin, gamma irradiation, and even mechanical stress may also
induce changes in DNA. There are multiple DNA repair pathways in eukaryotes that remove
these different types of damage, but in this review, we focus on the cellular response to bulky
DNA lesions, such as those generated by UV irradiation. We summarize the key findings with a
historical perspective, provide the current picture of mammalian nucleotide excision repair (NER)
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NUCLEOTIDE EXCISION REPAIR IN BACTERIA: NEW PARADIGM-SHIFTING
EVIDENCE

The basic NER reaction also occurs in bacteria, through an analogous pathway. The classical view is that GG-NER
in bacteria starts with damage detection by the UvrA protein, which in turn recruits the helicase UvrB. UvrB con-
firms and demarcates the lesion and recruits UvrC,which performs the 5′ and 3′ incisions. Finally, theUvrD helicase
is recruited to remove the damaged DNA fragment and allow resynthesis and ligation (reviewed in 189). TC-NER,
elicited by RNA polymerase (RNAP)-mediated lesion detection and RNAP removal by the transcription-repair
coupling factor (TRCF, also known as Mfd), was traditionally thought to make only a minor contribution to repair.
A recent report, however, challenges this view: UvrA and UvrD seem to interact more persistently with RNAP, and
their recruitment to DNA lesions is due to RNAP getting stalled, and thus dependent on transcription. Consistent
with this finding, transcription inhibition generally impairs NER, implying that RNAP is the main sensor for DNA
lesions in bacteria and that virtually all repair is transcription coupled (190).

and the transcription-related response to UV irradiation, and discuss the key unanswered research
questions remaining in this exciting field of research.

The beginning of our understanding of DNA repair can be traced back to the first half of the
twentieth century and the pioneering findings by Dulbecco (1) and Kelner (2) who independently
found that, after exposure to DNA-damaging UV irradiation, bacteria growing on plates would
recover more efficiently if also exposed to a source of white light. Such photoreactivation was
later shown to be performed by photolyases, which are present across living beings but absent in
some domains, such as placental mammals. Subsequent research showed that, in addition to pho-
toreactivation, bacteria also possess a light-independent repair pathway, i.e., NER, in which short
fragments of DNA harboring lesions are excised and replaced by newly synthesized DNA (3) (see
also the sidebar titled Nucleotide Excision Repair in Bacteria: New Paradigm-Shifting Evidence).

Later, Rasmussen & Painter (4) provided evidence that NER also occurs in human cells.When
HeLa cells were UV irradiated and cultured in the presence of modified nucleosides, these were
incorporated into the genome independently of replication, i.e., by means of unscheduled DNA
synthesis (UDS). Some years later, Cleaver (5) showed that cells derived from individuals with
the rare autosomal recessive disease xeroderma pigmentosum (XP) have impaired UDS after UV
irradiation, thus suggesting that specific human genes are responsible for NER. Complemen-
tation experiments, in which cells from different XP patients were fused and assayed for UDS,
showed that some combinations led to a recovery of UDS, suggesting the existence of multiple,
distinctNER genes (6). In 1984,Westerveld and colleagues (7) reported the cloning of the first hu-
man NER gene, termed excision repair cross-complementation group 1 (ERCC1), by transfecting
NER-defective Chinese hamster ovary (CHO) cells with a library of human genes and selecting
the cells that became resistant to DNA damage. This approach was subsequently used to clone
the genes for several other NER factors, often found to be homologs of the RAD genes identified
in the yeast Saccharomyces cerevisiae (8). Then, in 1988, cell-free NER was reconstituted in vitro for
the first time by Richard Wood et al. (9), who also showed that NER activity could be recovered
in repair-defective patient cell extracts by combining extracts from different NER complementa-
tion groups. Later, Wood’s group (10) reconstituted NER with recombinant proteins and factors
purified from human cells, thus defining the minimal set of factors necessary for the process (11).
Similar results were obtained by Sancar and colleagues (12).

A higher rate of NER in actively transcribed regions compared to the rest of the genome in
mammalian cells was first shown by the Hanawalt laboratory (13). They observed that in CHO
cells, the removal of UV lesions in the activeDHFR gene is several times faster than in the genome
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overall. Further research showed that faster repair is restricted to the transcribed strand of active
genes (14). This process is now termed transcription-coupled NER (TC-NER). These findings,
combined with evidence that cells derived from Cockayne syndrome (CS) patients are UV sen-
sitive and have impaired recovery of RNA synthesis despite being proficient in general excision
repair [now termed global genome NER (GG-NER)], suggested that CS cells might have defects
in TC-NER (15). This was confirmed by the observation that NER of the transcribed strand of
an active gene is specifically impaired in cells derived from CS patients (16) but is proficient in
cells derived from XP group C (XP-C) patients (17).

Altogether, research over the last several decades has allowed the identification of over a dozen
factors involved in NER and provided the foundation for the present understanding of how this
process occurs in mammalian cells.

2. NUCLEOTIDE EXCISION REPAIR: THE BASIC REACTION

DNA repair by NER is divided into three stages, for which factors are recruited in a stepwise
fashion: (a) lesion recognition, (b) excision of the damagedDNA, and (c) replacement of the excised
fragment by synthesis of new DNA.

As already outlined in Section 1, there are two independent subpathways of NER for the dam-
age recognition step: (a) GG-NER, inwhich the genome-surveilling factors damage-specificDNA
binding protein 2 (DDB2, also known as XPE) and/or XPC detect the DNA lesion, and (b) TC-
NER, in which the stalling of RNA Polymerase II (RNAPII) at DNA lesions acts as the sensor
of DNA damage and leads to recruitment of the TC-NER-specific factors CS protein B (CSB),
CSA, and UV-stimulated scaffold protein A (UVSSA). The two subpathways later converge in
the recruitment of transcription factor IIH (TFIIH), XP group A–complementing protein (XPA),
replication protein A (RPA) and XPG, which results in the opening of the DNA double helix (by
TFIIH) and confirmation of the presence of the DNA lesion. XPF–ERCC1 is then recruited,
completing the formation of the NER preincision complex. XPF and XPG, with their endonucle-
ase activities, perform the 5′ and 3′ incisions, respectively. The excised DNA fragment, still bound
to TFIIH and XPG, is then removed, replaced by new DNA synthesized using the undamaged
DNA strand as template, and ligated to the downstream DNA (Figure 1).

3. DAMAGE RECOGNITION: GLOBAL GENOME NUCLEOTIDE
EXCISION REPAIR VERSUS TRANSCRIPTION-COUPLED
NUCLEOTIDE EXCISION REPAIR

3.1. Global Genome Nucleotide Excision Repair

In GG-NER, lesions are recognized by the distortion they induce in the DNA double helix (18).
This is achieved by two different protein complexes with affinity for damagedDNA,UV-damaged
DNA-binding protein (UV-DDB), formed byDDB1 andDDB2 (XPE) (19), and XPC–RAD23B–
Centrin 2 (XPC–RAD23B–CETN2) (20–23) (Figure 1a,b). Both complexes have an ∼400-fold
preference for binding to UV-damaged DNA over nondamaged DNA, but UV-DDB has con-
siderably greater affinity for DNA than XPC (24). UV irradiation induces two major types of
DNA lesions: cyclobutane pyrimidine dimers (CPDs) and pyrimidine–pyrimidone (6–4) photo-
products [(6–4)PPs]. The latter, which are more helix distorting than CPDs, are readily detected
by XPC–RAD23B–CETN2, as demonstrated by the relatively efficient removal of (6–4)PPs in
XP-E patient cell lines in comparison to XP-C cells. In contrast, CPDs are poorly removed in
both XP-E and XP-C cells (25). These differences likely explain why (6–4)PP repair is efficient,
while CPD repair is slow.
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Figure 1 (Figure appears on preceding page)

Mechanism of GG-NER (a–d) and TC-NER (e–h) and the steps shared by both subpathways (i–k). (a) CRL4DDB2 detects a DNA
lesion. (b) The heterotrimer XPC–RAD23B–CETN2 is recruited and then binds to the undamaged strand (this is also possible for
certain lesions in the absence of DDB2). (c) TFIIH is recruited via initial interaction with XPC, and the translocase subunit XPB
engages with the DNA. (d) XPB activity induces repair bubble opening, and the helicase subunit XPD engages with the damaged
strand. The mechanism of GG-NER continues in panel i. (e) Transcribing RNAPII gets stalled at a bulky DNA lesion and cannot
continue further. ( f ) CSB, CRL4CSA, and UVSSA are sequentially recruited and, together with RNAPII, form the TC-NER complex.
(g) TFIIH is recruited via initial interaction with UVSSA, and the translocase subunit XPB engages with the DNA. (h) XPB
translocation opens the repair bubble and delivers the damaged strand to the helicase subunit XPD active site. From here on, GG-NER
and TC-NER converge. (i) XPD helicase activity moves away from XPB and toward the lesion; it stops at the lesion. XPA, XPG, RPA,
and ERCC1–XPF are recruited sequentially, and XPC–RAD23B–CETN2 (GG-NER) or RNAPII–CSB–CRL4CSA–UVSSA
(TC-NER) are removed (see Section 4.2 for details). XPF and XPG perform 5′ and 3′ incisions on the damaged strand. ( j) The
damaged fragment is removed in complex with TFIIH and XPG. DNA polymerase (ε, δ, or κ) fills in the gap left using the undamaged
strand as template. (k) The nick left by the DNA polymerase is sealed by ligase I or III. Abbreviations: CETN2, centrin 2; CRL4,
cullin-RING E3 ubiquitin ligase 4; CSB, Cockayne syndrome protein B; DDB2, damage-specific DNA binding protein 2; ERCC1,
excision repair cross-complementation group 1; GG-NER, global genome nucleotide excision repair; RNAPII, RNA polymerase II;
RPA, replication protein A; TC-NER, transcription-coupled nucleotide excision repair; TFIIH, transcription factor IIH; UVSSA,
UV-stimulated scaffold protein A; XP, xeroderma pigmentosum.

The structures of XPC–RAD23B (26) and UV-DDB (27, 28) bound to DNA lesions show
that upon DNA lesion recognition, both XPC–RAD23B and UV-DDB flip out the damaged
dinucleotide and induce an ∼40° kink in the DNA double helix. However, the manner by which
each binds is very different: While UV-DDB binds to the damaged dinucleotide and accommo-
dates it in a specific binding pocket (Figure 1a), XPC–RAD23B binds to the undamaged strand,
flipping out the damaged base (Figure 1b). XPA, another NER factor, also displays affinity for
damaged DNA, but XPC–RAD23B recruitment precedes XPA recruitment (29).

Interestingly, UV-DDB also forms part of a cullin RING E3 ubiquitin ligase (CRL) with
CUL4A and RBX1, designated CRL4DDB2. In the absence of DNA damage, CRL4DDB2 is mainly
in an inactive state in which CUL4A is deneddylated and CRL4DDB2 is bound to its allosteric
inhibitor, the COP9 signalosome (CSN) (30, 31). Shortly after DNA damage, this complex is
activated by the dissociation from CSN and neddylation of CUL4A (27, 31). The structure of
CRL4DDB2 bound to damaged DNA suggests that the histones surrounding the lesion may be
ubiquitylated by CRL4DDB2, which could induce a more open DNA conformation to recruit
downstream NER factors. CRL4DDB2 also ubiquitylates DDB2 itself (27, 32). In vitro, XPC can
be ubiquitylated by CRL4DDB2 as well, and this may promote the handover of damaged DNA
fromCRL4DDB2 to XPC (32, 33). XPC is deubiquitylated by the ubiquitin-specific protease USP7
(34). A subsequent, small ubiquitin-like modifier (SUMO)-dependent ubiquitylation of XPC by
RNF111may help promote handover of lesions to downstreamNER factors (35), of whichTFIIH
is the first to be recruited (36, 37) via interaction of the PH domain of its p62 subunit with an acidic
string in XPC (38) (Figure 1c). According to recent cryo–electron microscopy (cryo-EM) evi-
dence, the yeast homologs of XPC–RAD23B–CETN2 (i.e., Rad4–Rad23–Rad33) are positioned
on the 3′ side of the damaged base, with TFIIH positioned on the 5′ side of the lesion (39). This
asymmetry helps specify which DNA strand harbors the lesion.

3.2. Transcription-Coupled Nucleotide Excision Repair

TC-NER is initiated by the stalling of RNAPII at the DNA lesion (Figure 1e) (see also the
sidebar titled Are There RNAPI- and RNAPIII-Mediated Transcription-Coupled Nucleotide
Excision Repair Pathways?). In the case of CPDs, structures of damage-stalled RNAPII showed
that this involves the 5′-thymine of the CPD directing uridine misincorporation, which blocks
further translocation (40), while even bulkier DNA lesions, such as cisplatin adducts, block
transcription due to their failure to be accommodated in the RNAPII active site (41). Stalled
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ARE THERE RNAPI- AND RNAPIII-MEDIATED TRANSCRIPTION-COUPLED
NUCLEOTIDE EXCISION REPAIR PATHWAYS?

The critical role played by RNAPII in TC-NER in protein-coding genes begs the question of whether RNAPI
and RNAPIII play similar roles. RNAPI transcribes ribosomal DNA (rDNA) in the nucleolus, of which there are
multiple copies, whereas RNAPIII transcribes short genes, most notably those encoding transfer RNA (tRNA).
Despite their short length, these genes can also accrue DNA damage, which would need to be repaired to allow
transcription to continue. If these lesions were repaired via TC-NER, an increased efficiency of lesion repair on
the transcribed strand compared to the nontranscribed strand should be detected. Since such a strand bias in repair
is not observed for genes encoding rRNA and tRNA (191, 192), it appears unlikely that RNAPI- and RNAPIII-
mediated TC-NER exist in mammalian cells. Moreover, the striking disassembly of the nucleolus structure and the
inhibition of RNAPI transcription in response to DNA damage, which has been interpreted as RNAPI-mediated
TC-NER (193), might just be a consequence of RNAPII transcription inhibition, which has been shown to be
essential for maintenance of nucleolus structure and RNAPI transcription (194).

RNAPII recruits the SWI/SNF-like translocase CSB (42) (Figure 1f ). While CSB is often
thought of as the eukaryotic transcription-repair coupling factor, it also plays a general role in
transcription (see also Section 8.1). For example, CSB also enhances transcript elongation in
vitro in the absence of DNA damage (43, 44), and fluorescence recovery after photobleaching
experiments indicated that it interacts weakly and transiently with RNAPII in untreated cells,
and that this interaction is stabilized after DNA damage (45). CSB also allows RNAPII to add
an extra base when blocked by DNA lesions (44). More recently, in vitro and structural evidence
showed that Rad26, the S. cerevisiae homolog of CSB, binds DNA upstream of stalled RNAPII
and helps overcome transient stalling at minor obstacles by pulling on the DNA and in effect
pushing RNAPII forward. However, when RNAPII progress is blocked by a CPD, Rad26 fails to
promote forward translocation past the lesion, and its interaction with the stalled transcription
complex is stabilized, inducing an 80° bend in the upstream DNA. Importantly, in such assays,
RNAPII backtracks upon stalling, made evident by TFIIS-stimulated transcript cleavage and
shortening of the nascent transcript (46). However, if Rad26 or CSB is added to such reactions
prior to TFIIS, transcript cleavage is significantly reduced, suggesting stabilization of the stalled
RNAPII–CSB complex and inhibition of backtracking (44, 46).

The RNAPII–CSB complex recruits CSA (Figure 1f ), which is part of a large family of pro-
teins containing WD-40 repeats that often act as interaction scaffolds for different partners. As
such, it was shown early on that CSA interacts with CSB and with a subunit of TFIIH in vitro,
thus providing an attractive model to explain the sequential recruitment of TC-NER factors
(47). A recent study mapped a 13–amino acid CSA-interaction motif in CSB that is necessary
for recruitment of CSA to the RNAPII–CSB complex in vivo (48).

Intriguingly, in this connection,CSA is part of a ubiquitin ligase complex, designatedCRL4CSA,
with CUL4A, RBX1, and DDB1 (31) (Figure 1f ) that ubiquitylates CSB (49). Ubiquitylation of
RPB1, the major subunit of RNAPII, was found to be decreased in CS-B and CS-A cells (50),
giving rise to the idea that CRL4CSA is involved in UV-induced ubiquitylation of RPB1 as well.
Such a role for CSA was recently given compelling support by structural characterization of the
CLR4CSA–RNAPII association (51). Interestingly, however, CSA-dependent poly-ubiquitylation
peaks 2 h after damage (52, 53).Consistent with this,CRL4CSA activity is at least partially inhibited
in the first few hours after UV irradiation, during which time its interaction with the inhibitory
CSN transiently increases, promoting CUL4A deneddylation and thus inactivation. Indeed, as-
sociation of CSA with the neddylated, active form of CUL4A is not detected at the early time
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points after DNA damage (31) when RPB1 ubiquitylation is otherwise at its peak (50, 52, 54). The
multi-faceted process of RPB1 ubiquitylation after DNA damage is further described in Section 5.

UVSSA, a TC-NER factor identified only 10 years ago, interacts with CSA as well as USP7,
even in the absence of DNA damage.These proteins are likely recruited together to the RNAPII–
CSB complex (55–57) (Figure 1f ). This is mediated by CSA interacting with CSB, while UVSSA
in turn mediates the interaction with, and recruitment of, TFIIH (58) (Figure 1g). UVSSA–
USP7 appear to prevent UV-induced CSB poly-ubiquitylation and degradation (56, 57) andmight
potentially counteract RPB1 ubiquitylation as well.

Two important interaction regions were mapped in UVSSA: a CSA-interacting region that
is essential for recruiting UVSSA to RNAPII–CSB–CRL4CSA and a TFIIH-interacting region
that allows tethering of TFIIH to the RNAPII–CSB–CRL4CSA–UVSSA complex (48). The in-
teractions described appear to be cooperative, so that if one or more interactions are disrupted,
the rest are diminished or even abolished. It is worth noting that general NER factors recruited
downstream of TFIIH have not been detected in mass spectrometry analysis of, for example, im-
munoprecipitatedCSB,RNAPII, orUVSSA (48, 59), opening the possibility that neither RNAPII,
nor the initial assembly around it, remain at the lesion when the downstream general NER factors
are recruited (Figure 2) (see further details in Section 4.2).

Immunoprecipitation of CSB specifically after DNA damage coisolates not only RNAPII but
also UVSSA, CRL4CSA, and a plethora of positive elongation factors including DSIF (SPT4 and
SPT5) (59), indicating that CSB is recruited to lesion-stalled elongation complexes. However,
cryo-EM studies of the presumed initial TC-NER complex indicate that stable binding of the
transcript elongation factor DSIF and CSB to RNAPII are mutually exclusive (51) and thus
suggests that CSB binding promotes a transition from an elongation complex to the TC-NER
complex.When CRL4CSA and UVSSA were included in the structural analysis, CSA was found to
be positioned over RNAPII, bridging the contact between CSB and UVSSA, the latter of which
was positioned close to the downstreamDNA, altogether enclosing RNAPII (Figure 1f ). The au-
thors also modeled an E2 enzyme–ubiquitin complex binding to the RBX1 subunit of CRL4CSA,
with the flexibility of the CUL4A subunit allowing ubiquitylation of CSB, as well as of RPB1 at
the key ubiquitylation site at lysine 1268 (K1268) (51). These structures help explain how TFIIH
is loaded onto the DNA in front of RNAPII: Like in GG-NER, TFIIH associates with the 5′ side
of the lesion, and this asymmetry helps specify the damaged DNA strand.

A new, potential TC-NER factor, STK19, was first identified by multi-omic screening and
shown to affect the UV response (59). STK19 was also later identified, along with ELOF1, as a
putative TC-NER factor in CRISPR screens for sensitivity to a variety of DNA-damaging com-
pounds (60). While little has been reported about the role of STK19, ELOF1 was first identified
in yeast as a factor that interacts directly with RNAPII and promotes transcript elongation (61).
Recent reports showed that in the absence of ELOF1, there is reduced UVSSA recruitment to
the TC-NER complex, RPB1 ubiquitylation is reduced, and TC-NER is delayed, suggesting an
intriguing accessory role for ELOF1 in TC-NER (62, 63). Besides STK19 and ELOF1, the pre-
cise role of the XAB2 complex in TC-NER, splicing, and transcription still needs to be resolved
(64, 65).

4. CONVERGENCE BETWEEN GLOBAL GENOME NUCLEOTIDE
EXCISION REPAIR AND TRANSCRIPTION-COUPLED NUCLEOTIDE
EXCISION REPAIR DOWNSTREAM OF DAMAGE RECOGNITION

Although theGG-NER andTC-NER subpathways converge in later stages, the parallels between
the pathways even soon after DNA lesion recognition are so striking that their descriptions are
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Figure 2

Models for RNAPII removal to allow DNA damage repair. (a) RNAPII stalls at a bulky DNA lesion and the TC-NER factors are
sequentially recruited. (b) Next, TFIIH is recruited and (c–e) three alternative outcomes for RNAPII and TC-NER factors are
envisioned. In these models, CSB (and sometimes RPB1) is ubiquitylated, and this facilitates destabilization of the TC-NER complex
(see Section 5 for details). (c) RNAPII is removed from the DNA lesion and recycled, (d) RNAPII backtracks a considerable distance
and resumes transcription once the DNA damage is repaired, or (e) RNAPII is poly-ubiquitylated and degraded by the proteasome,
perhaps only when the actions described in panels c or d are not possible. Abbreviations: CSB, Cockayne syndrome protein B; RNAPII,
RNA polymerase II; TC-NER, transcription-coupled nucleotide excision repair; TFIIH, transcription factor IIH.

provided together, as this allows a better side-by-side comparison and support for the idea that
they evolved together and share basic characteristics.

4.1. The Dual Role of TFIIH in Transcription and Repair

Besides being essential for NER, the multi-subunit TFIIH complex is a general RNAPII tran-
scription factor that forms part of the preinitiation complex, where it provides two important
enzymatic activities: (a) translocase activity (XPB), which mediates promoter melting, and (b) ki-
nase activity (CDK7), which phosphorylates the carboxy terminal domain (CTD; 52 heptapeptide
repeats in mammals with consensus sequence YSPTSPS) of RPB1 at serine 5 residues to signal
transcription initiation (66). XPB was already known to be mutated in some XP patients and thus
to be required for NER, so its identification as a subunit of TFIIH revealed an important and
unexpectedly direct connection between transcription and NER (67). Moreover, another NER
factor, XPD, which has 5′→3′ helicase activity, is also a TFIIH subunit; its catalytic activity is
required only for NER (66). In both yeast and humans, TFIIH exists in two forms: a transcrip-
tionally active holoTFIIH form, which includes the CTD kinase subcomplex (CDK7, Cyclin H,
and MAT1), and a core form involved in NER, which does not include this complex (68, 69). In
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fact, the presence of the kinase complex in TFIIH inhibits XPD activity, which is essential for
NER (70), and XPA binding to the NER complex releases this inhibitory kinase module from
TFIIH (68).

4.2. Preparing for DNA Lesion Excision: Sequential Recruitment
of the Key Players

When TFIIH is recruited to XPC during GG-NER, it is positioned at the 5′ side of the DNA le-
sion through interaction of its p62 subunit with an acidic string in XPC (38). In TC-NER,TFIIH
is positioned on the DNA in the same fashion, through interaction of p62 with an acidic string
in UVSSA as part of the RNAPII–CSB–CRL4CSA–UVSSA complex (48, 71). This orientation
places XPB on the DNA to the 5′ side of the lesion (Figure 1c and g). XPA and XPG can then be
recruited to TFIIH (36), and the TFIIH kinase subcomplex is evicted (68).

The structure of the yeast homologs of XPC–RAD23B–CETN2 bound to TFIIH and DNA
shows that at the early stage of GG-NER, XPB (Ssl2 in yeast) in TFIIH is engaged with
double-stranded DNA while XPC (Rad4 in yeast) is placed over the lesion (Figure 1c) (39).
The orientation of XPB is such that if it were not tethered to XPC, TFIIH might simply move
away from the lesion. Instead, XPC acts as an anchor so that when XPB translocates, it actually
pulls DNA toward itself and induces unwinding of the DNA between these two factors. This in
turn allows delivery of the damaged single-stranded DNA (ssDNA) strand to XPD’s active site
(Figure 1d), analogously to what happens in transcription, where the anchors allowing unwind-
ing and delivery to RNAPII for transcription initiation are the TATA-binding protein (TBP) and
other general transcription factors (39). Recent structures of mammalian TFIIH bound to XPA
reveal how XPA derepresses XPD by competing with and displacing CAK from TFIIH and in-
ducing rearrangements in TFIIH. Crosslink–mass spectrometry evidence suggested that XPG
binding displaces XPC. In addition, a beta-hairpin of XPA is inserted in the edge of the open
DNA bubble, likely demarcating its 5′-end and clamping TFIIH to the DNA (72). Furthermore,
XPA and XPG binding stimulate the catalytic activities of XPB and XPD (Figure 1i) (72, 73).

As described in the previous paragraph, substantial molecular insight into the action of TFIIH
in the GG-NER complex with XPC has been achieved. By contrast, it remains unclear what
happens at the equivalent stages in TC-NER. It is obvious that the general mechanism may be
shared, with the RNAPII–CSB–CRL4CSA–UVSSA complex acting analogously to XPC, anchor-
ing TFIIH and allowing XPB to unwind DNA with the resulting delivery of the lesion to XPD
(Figure 1h). Once XPD is engaged with the damaged strand, two opposing forces would then be
acting on RNAPII: CSB translocase activity pushing it forward and XPD helicase activity in effect
pushing it backward (Figure 1h). It is easy to imagine how this might destabilize the RNAPII on
DNA. Moreover, we note that in GG-NER, disruption of the interaction between TFIIH and
XPC is triggered by recruitment of XPA and XPG (39) and helps to evict XPC. Similar to the in-
teraction between XPC and TFIIH, the initial interaction of TFIIH with UVSSA is mediated by
the PH domain of the TFIIH p62 subunit and an acidic string in UVSSA (38, 71). It seems likely
that XPA,XPG, and ubiquitylation play a similar role to disrupt the TC-NER complex, leading to
eviction of RNAPII and its TC-NER-specific cofactors prior to nucleotide excision. The possible
mechanisms underlying this event are described in more detail in Section 5 (see also Figure 2).

Once TFIIH has been remodeled and activated by interaction with XPA and XPG, the XPD
helicase opens the repair bubble by moving toward the lesion (Figure 1i) (73). XPD stalls when
encountering the modified base and thus functions as a means of lesion verification (74). In turn,
the ssDNA-binding protein RPA binds to the undamaged complementary strand and helps po-
sition XPA (75). Together, XPA and RPA stabilize the open repair bubble, position XPG 3′ for
incision, and stimulate XPG and XPF incision at later stages of the NER process (Figure 1i) (76).
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4.3. Excision of the Damaged DNA and Resynthesis

The last factor to be recruited to the preincision complex is XPF–ERCC1 (36). XPG and XPF–
ERCC1 are structure-specific endonucleases that cleave on the 3′ and 5′ sides of an open DNA
bubble, respectively (77, 78). The order in which the incisions occur was elegantly determined in
vivo using catalytically inactive point mutations of XPF and XPG (79). This work revealed that
XPF needs to cut on the 5′ side of the damage before XPG cuts on the 3′ side (Figure 1i). Im-
portantly, the cleavage order (first XPF, then XPG) is the opposite of the recruitment order (first
XPG, then XPF); this likely helps ensure that the whole NER complex is correctly assembled be-
fore any incision in DNA can take place. This work also showed that after XPF cleavage, but prior
to XPG cleavage, the DNA synthesis factor PCNA is recruited.Moreover, partial DNA synthesis
was observed in cells bearing an inactive XPG point mutation, suggesting that a segment of new
DNAmay sometimes already be synthesized prior to XPG-mediated cleavage (79). An alternative
interpretation was proposed based on the observation that three different DNA polymerases affect
repair DNA synthesis in NER (80): Gap filling can be performed by DNA polymerase ε, recruited
to the repair site by PCNA and CTF18–RFC, while in scenarios where there is increased steric
hindrance, DNA polymerase δ, or alternatively the error-prone translesion-synthesis DNA poly-
merase κ, is recruited by RFC1 or ubiquitylated PCNA, respectively (Figure 1j). It is somewhat
surprising that translesion-synthesis DNA polymerases are involved in NER in this way, as their
action in replication has typically been seen as an alternative to removing the lesion by NER. A
likely explanation might be their ability to work at low dNTP concentrations, which allows them
to also support efficient synthesis outside of S phase (80). Finally, the newly synthesized DNA
fragment is ligated to the downstream DNA by either DNA ligase I or III (Figure 1k) (81).

After excision, the damaged ssDNA fragment is dislodged from chromatin in complex with
TFIIH and XPG (82, 83). This feature has been used as a starting point for measuring NER ac-
tivity genome wide (84). A recent report identified the helicase-like transcription factor (HLTF)
as a new player in NER and provided evidence that it is recruited to the XPF incision site only
after XPG incision, where it aids in the release of the excised, TFIIH-complexed damage frag-
ment and facilitates synthesis of a new DNA fragment (85).While these data appear to contradict
previous evidence that DNA synthesis can start prior to XPG incision (79), they might simply
reflect that the process requires additional factors in certain chromatin environments or repair
site conformations, once again emphasizing the complexity of NER.

Altogether, the concerted and multistep fashion by which the NER machinery is assembled,
including an initial damage-recognition step followed by damage verification, positioning of en-
donucleases, and coordinated cleavage and DNA resynthesis, allows precise and efficient removal
of DNA lesions from the genome (Figure 1).

5. THE FATE OF RNAPII AND CSB DURING TRANSCRIPTION-
COUPLED NUCLEOTIDE EXCISION REPAIR: THE INTRIGUING
ROLE OF PROTEIN UBIQUITYLATION

As argued in Section 4.2, it seems a distinct possibility that the TC-NER-specific factors are
displaced from sites of DNA damage prior to, or alongside, assembly of the incision-competent
core NER complex. Importantly, such displacement is likely brought about by a combination of
mechanisms, an important one of which is ubiquitylation.

RPB1 is poly-ubiquitylated and degraded in response to problems during transcript elongation.
Importantly, while this was first detected in response to UV irradiation (50), it also occurs in
response to a range of other challenging transcription conditions; it is a general transcription
stress response, likely triggered by prolonged RNAPII stalling or arrest. It is often termed the last
resort pathway (86, 87).
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The residue on RPB1 that is poly-ubiquitylated was recently identified to be K1268, which
is positioned in an unstructured loop protruding from the surface of RPB1 close to the DNA
entry tunnel (53, 88). Mutation of this residue to arginine (K1268R) abrogates damage-induced
RPB1 ubiquitylation and degradation (53) and compromises cell viability after UV irradiation
(53, 88). While recruitment of CSB, CRL4CSA, and UVSSA is not affected by K1268R mutation,
recruitment of the downstream NER factor TFIIH to RNAPII is reduced (88). The mutant cells
remain somewhatTC-NERproficient, as seen byRNA synthesis recovery assays (53), even though
DNA damage–dependent strand-specific RNAPII chromatin immunoprecipitation sequencing
experiments show a clear delay in TC-NER (88). It seems likely that while RPB1 ubiquitylation
may not be an absolute requirement for all instances of TC-NER, it affects the overall efficiency
(62, 63), akin to the recently observed partial contribution of HLTF to NER (85).

An E3 ligase for RNAPII ubiquitylation was first discovered in yeast, in which Rsp5 function
is required for ubiquitylation of RPB1 after DNA damage (89). Later, its human E3 ortholog,
NEDD4, was found to be involved in RPB1 ubiquitylation in human cells (52). Concurrently, a
requirement for Elc1, Ela1 (yeast homologs of the human Elongin proteins), and Cul3 was es-
tablished (90, 91), and the counterpart, Elongin–CUL5 (CRL5Elongin), was found to play a similar
role in human cells (92). The conundrum of which E3 ligase is responsible for RPB1 ubiquity-
lation in yeast was resolved when it was shown that it occurs in two steps, requiring first Rsp5
(or NEDD4 in humans) for RPB1 mono-ubiquitylation and then the Elongin proteins (Cul3–
Elongin/CRL5Elongin) for poly-ubiquitylation (93). Prior to this, a requirement for yeast Def1
in the ubiquitylation reaction had already been established (94). Def1 was identified through its
interaction with Rad26 (yeast CSB). Intriguingly, in the absence of Def1, RPB1 is no longer poly-
ubiquitylated and degraded in response to UV irradiation, while it becomes degradable again if
Rad26 is missing as well, pointing to a role for Rad26 (CSB) in stabilization of RPB1 (94). Further
work showed that an arrested RNAPII elongation complex is the preferred substrate for Def1
(95) and that Def1’s function is to recruit the Elongin–Cul3 complex to RNAPII for RPB1 poly-
ubiquitylation (96).Recent data show thatUBAP2 andUBAP2L are the human orthologs of Def1;
they play a role in RPB1 ubiquitylation after DNA damage, although RPB1 ubiquitylation is not
completely abolished in their absence (97).

In agreement with this observation, RPB1 K1268 appears to be the target of ubiquitylation by
numerous different Cullin E3 ligases. Indeed, only use of the general Cullin inhibitor MLN4924
(Pevonedistat, a neddylation inhibitor) or mutation of RPB1 K1268 is sufficient to more or less
completely abrogate RPB1 poly-ubiquitylation.Knockdown or knockout of RPB1E3 ligases, such
as CRL4CSA, CRL5Elongin, and CRL2VHL, has only a partial effect on ubiquitylation levels after UV
irradiation (52, 53, 88, 92, 98).

As already alluded to, the connection between RPB1 ubiquitylation and TC-NER has re-
mained a matter of debate. Based on results from yeast, which showed that TC-NER is unaffected
by an inability to perform RPB1 ubiquitylation (94, 99), it was suggested that damage-induced
RPB1 ubiquitylation/degradation represents an alternative to TC-NER. It would act as a last
resort pathway that is activated if a lesion-blocking RNAPII cannot be repaired by TC-NER,
for example, to allow damage removal by other, slower repair pathways such as GG-NER (86,
87, 94). Indeed, RPB1 degradation happens more rapidly in cells lacking Rad26 (94). This sim-
ple model may have to be modified for mammalian cells. For example, human cells have CSA and
UVSSA,which are not found in yeast.Moreover, recent results show that stable recruitment of the
CRL5Elongin E3 ligase to sites of DNA damage is actually CSB dependent (100) and that blocking
RPB1 ubiquitylation by mutation of K1268 affects the rate of TC-NER (88), together indicating a
positive functional relationship between RPB1 ubiquitylation and TC-NER in human cells. Two
main scenarios seem likely, which are not necessarily mutually exclusive. In the first, ubiquitylation
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FACTORS INDUCING TRANSCRIPTION TERMINATION

Transcription termination factor 2 (TTF2) is an ATP-dependent translocase of the SWI2/SNF2 family, which can
induce dissociation of RNAPII from elongation complexes. Its function in cells is particularly clear when cells enter
mitosis, where it ensures that chromosomes are free of transcribing RNAPII while being condensed and segregated
(199), but it can also dissociate RNAPII stalled at a DNA lesion in vitro (101).

Integrator is an RNAPII-associated complex with subunit homology to the cleavage and polyadenylation speci-
ficity factor (CPSF) required for transcript cleavage during transcriptional termination. Integrator has been shown
to dissociate and recycle RNAPII paused at the promoter-proximal pause sites (102).

Senataxin is a superfamily 1 helicase, involved in certain forms of transcriptional termination (200). In vitro, the
yeast homolog of Senataxin (Sen1) can dissociate RNAPII from an elongation complex (201).

These factors might also play roles in the proposed dissociation of damage-stalled RNAPII during TC-NER
(Figure 2c).

of RPB1 at K1268 is recognized as a signal (by an unknown TC-NER factor) to aid, for example,
in the recruitment of TFIIH. Thus, when K1268 cannot be ubiquitylated, TFIIH recruitment is
less efficient and TC-NER is slower (88). Alternatively, RPB1 poly-ubiquitylation serves as one
of several mechanisms employed by cells to remove RNAPII from sites of DNA damage so that
the downstream, general NER factors can be recruited to perform the actual excision reaction. In
this model, removal of RNAPII, and with it perhaps CSB, CRL4CSA, and UVSSA, can occur via
ubiquitylation and degradation of RPB1 (Figure 2e).Other pathways to achieve the same removal
would coexist: CSB in cooperation with TFIIH, as well as proteins such as TTF2, senataxin, and
the Integrator complex, may well be capable of, and contribute to, dissociation of damage-stalled
RNAPII as well, with less dramatic consequences than RPB1 proteolysis (Figure 2c) (see the side-
bar titled Factors Inducing Transcription Termination) (101, 102). Indeed, even though RPB1 is
not ubiquitylated and degraded in RPB1 K1268R cells, RNAPII at DNA lesions is rapidly turned
over (53). The idea that RNAPII is dissociated from sites of DNA damage was further supported
by experiments in which RNAPII initiation was inhibited, released for a short time window, and
inhibited again, resulting in a single discrete wave of RNAPII transcription elongation.This setup,
combined with genome-wide sequencing, supported the idea that when RNAPII runs into DNA
damage, it dissociates from the chromatin (103). As mentioned previously, the activity of CRL4CSA

is somewhat restricted in the first few hours after DNA damage by interaction with the CSN (31).
This might help ensure that damage-stalled RNAPII is not degraded by CRL4CSA as the first
plan of action, but only if the damage-stalled polymerase is caught in a situation that does not
allow dissociation by nondegradative means. This might in turn explain why K1268R mutation
merely results in a delay of TC-NER: Only a subset of damage-stalled RNAPII complexes require
ubiquitylation for TFIIH recruitment and subsequent RNAPII removal.

It is important to stress that, although it can modify RPB1, the main role of CRL4CSA is likely
to be CSB ubiquitylation (49). The precise role of CSB ubiquitylation remains to be shown, but
it is likely that ubiquitylation plays analogous roles in the eviction of XPC (GG-NER) and CSB
(TC-NER). Indeed,CRL4DDB2 ubiquitylates XPC,while CRL4CSA ubiquitylates CSB.Moreover,
XPC and CSB are both deubiquitylated by USP7 (34, 56, 58) and regulated by SUMOylation (35,
104, 105). As nature often reuses successful mechanisms, it seems a strong possibility that ubiq-
uitylation is required for the displacement of CSB (Figure 2c–e). Just like XPC ubiquitylation
by RNF111 brings about XPC eviction (35) (see Section 3.1), CSB ubiquitylation might help
evict CSB from TC-NER complexes. This would happen upon recruitment of downstream NER
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EVOLUTIONARY REWIRING OF THE NUCLEOTIDE EXCISION REPAIR PROCESS

Model organisms show how the function of NER factors has evolved. In Saccharomyces cerevisiae, the XPC homolog
Rad4 is required for incision in both GG-NER and TC-NER. By contrast, yeast cells lacking Rad7 or Rad16
(which have no mammalian homologs) have impaired GG-NER but normal TC-NER (195). Also, while the CSB
homolog Rad26 contributes to TC-NER, yeast still has some TC-NER without Rad26, mediated by a pathway
dependent on the nonessential RNAPII subunit Rpb9 (158). Interestingly, in the absence of Spt4/Spt5 function,
Rad26 is not required at all, pointing to an important role for Rad26 in transforming the elongation complex into
an NER complex.

In Drosophila melanogaster, although some GG-NER factors are missing, the NER process is largely conserved.
By contrast, CSA, CSB, or UVSSA homologs have not been found in fruit flies and other insects, suggesting that
they lack TC-NER (196). Nevertheless, repair of CPDs in the transcribed strand is more efficient than in the
nontranscribed strand in fruit flies, suggesting that they do have transcription-coupled repair of DNA damage
(197). This seems to be dependent on XPC, because when XPC is knocked out, no NER excision products are
detected at all (198).

factors, like XPC removal depends on XPA and XPG recruitment (39). In support of this, inter-
actome experiments show that while CSB clearly interacts with the RNAPII elongation complex,
CRL4CSA, UVSSA, and TFIIH after UV-induced DNA damage,NER factors such as XPA, XPG,
and XPF invariably fail to be detected in such CSB immunopurifications (59). Moreover, as CSB
activity keeps RNAPII pushed up to the lesion (44, 46), eviction of CSB would potentially allow
a third, alternative RNAPII fate during repair: Besides degradation (Figure 2e) or dissociation
(Figure 2c) of RNAPII, the polymerasemight sometimes backtrack and then resume transcription
once the DNA damage is repaired (Figure 2d).

Intriguingly, CSB contains a ubiquitin-binding domain (UBD). Without it, CSB can still be
recruited to DNA damage and assemble a TC-NER complex, but DNA incision does not take
place (106). Like ubiquitylation, the precise molecular role of CSB’s UBD remains to be shown,
but it must recognize a ubiquitin moiety, most likely added by CRL4CSA, either on CSB itself or
on another protein such as RPB1. Tellingly, CSB is normally dynamically associated with DNA
damage sites, but CSB lacking the UBD is slow to dissociate from such lesions (106). Together,
these data support a working model in which CRL4CSA-mediated ubiquitylation, and recognition
thereof by CSB’s UBD, helps to displace CSB so that NER can take place. Intriguingly, in the
complex formed by XPC and RAD23B, a UBD is found in the RAD23B partner protein, yet
again underscoring the remarkable analogy between GG-NER and TC-NER in this aspect of
their mechanism (107). Whether RAD23B’s UBD is required for XPC displacement remains to
be investigated.We propose that such analogous mechanisms might have allowed the repurposing
of several NER factors through evolution (see also the sidebar titled Evolutionary Rewiring of the
Nucleotide Excision Repair Process).

6. SIGNALING CASCADES REGULATING GENE INDUCTION
IN RESPONSE TO UV

UV irradiation triggers a number of cellular response mechanisms, which involve activation of
DNA damage response pathways, cell cycle arrest, and apoptosis. Many of these are regulated at
the level of gene expression, i.e., through effects on transcription, splicing, and mRNA translation.
The signaling cascades that regulate gene activation in response to UV are conserved among
eukaryotes and can be divided into two distinct pathways: a cytoplasmic and a nuclear pathway
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(108, 109). These pathways function in parallel and are both needed to yield a full UV response
(Figure 3).

6.1. Membrane-Associated Receptor Signaling Cascade

Within 15 min of UV irradiation, the expression of several genes, such as immediate-early genes
JUN (c-Jun) and FOS (c-Fos), is drastically induced (110, 111). Activation of these genes is im-
portant for the UV response, as demonstrated by the fact that FOS−/− and JUN−/− cells are
hypersensitive to UV irradiation (112). UV-responsive elements were identified in the promoters
of the affected genes (110, 111). This in turn led to the identification of several transcription fac-
tors that are activated in response to UV irradiation, such as NFκB and Elk-1, or the heterodimers
collectively referred to as activator protein 1 (AP-1), which consist of combinations of members of
the JUN,FOS, and/or ATF protein families (Figure 3) (113, 114).These transcription factors also
bind constitutively to theUV-responsive sequence elements in the absence of UV irradiation (115,
116), meaning that it is not the binding to promoters but rather posttranslational modification of
the bound transcription factors that activates transcription of UV-responsive genes.

UV-induced phosphorylation of the transcription factors AP-1 and Elk-1 is rapid, occurring
within 5 to 10 min, and usually occurs at serine and threonine residues followed by prolines (117,
118). The phosphorylation kinetics and patterns of different UV-activated transcription factors
are similar because they are the result of a shared signaling cascade that is initiated by membrane-
associated receptors (Figure 3). This starts off with the activation of the epidermal growth factor
receptor (EGFR) and membrane-associated receptor tyrosine kinases in response to UV irradia-
tion (117, 119–121).These receptors in turn activate Ras, which activates the Erk1–2, JNK/SAPK,
and p38mitogen-activated protein kinase (MAPK) pathways that each phosphorylate their respec-
tive substrates (Figure 3) (113, 117, 122). Together, these transcription factors contribute to the
rapid activation of immediate-early genes, which then orchestrate the cellular response to DNA
damage. Given that several immediate-early genes encode transcription factors themselves, one
might expect that their respective target genes are also rapidly induced uponUV irradiation.How-
ever, some target genes such as collagenase are upregulated during a much later phase of the UV
response (8–12 h).Themechanism responsible for this delay is unclear, but it has been suggested to
bemediated by an extracellular signaling loop involving growth factors and interleukins (119, 121).

6.2. DNA Damage–Induced Signaling Cascade

While UV irradiation can directly activate cell surface receptors, kinases, and transcription factors
to induce immediate-early gene expression, as described in Section 6.1 (123), the predominant
molecule that absorbs photon energy is DNA. As such, DNA damage itself is a critical instigator
of signaling cascades that activate genes. Cells deficient in CSA and CSB require a much lower
UV dose to induce such gene expression than wild-type (WT) cells (124). Since these cells cannot
rapidly remove UV-induced lesions from transcribed genes, but have normal GG-NER activity,
this led to the idea that transcription-blocking lesions or stalled RNAPII are the starting point
of this signaling cascade. In line with this, XPC-deficient cells, which have normal TC-NER,
showed normal UV dose-dependence for gene activation (124). The idea that RNAPII might
act as a sensor for detecting lesions in transcribed genes was further supported by the fact that
inhibition of transcript elongation by RNAPII through microinjection of phospho-CTD-specific
antibodies activated a similar signaling cascade even in the absence of UV (125).

It has also been suggested that RNAPII stalling in front of bulky DNA lesions and the forma-
tion of R-loops lead to the prolonged exposure of RPA-coated ssDNA around the polymerase,
which could also induce a nuclear signaling cascade (Figure 3) (126, 127). Of course, ssDNA is
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Figure 3 (Figure appears on preceding page)

UV-induced signaling pathways to activate gene expression. UV irradiation activates membrane-associated tyrosine kinase receptors,
which leads to the activation of the MAPK signaling pathway and phosphorylation of transcriptional activators at promoters. These
proteins act to upregulate immediate early genes. UV irradiation also induces DNA damage, which leads to the activation of ATR and
phosphorylation of its substrates. Ultimately, this leads to the expression of p53-target genes. Abbreviations: ATR, ataxia telangiectasia
and Rad3-related protein; MAPK, mitogen-activated protein kinase; UV, ultraviolet.

also generated as an intermediate in the NER pathway (i.e., UDS), as well as during DNA replica-
tion, and thus might also be the consequence of stalled replication forks. Somewhat surprisingly,
(6–4)PPs but not CPDs have recently been shown to impede replication of DNA sufficiently to
activate this signaling cascade (128). After coating of the ssDNA, RPA recruits the ataxia telan-
giectasia and Rad3-related protein (ATR)–ATR-interacting protein dimer (109), which, upon its
activation, phosphorylates hundreds of substrates (Figure 3) (129, 130). This includes CHK1,
whose phosphorylation controls the G2/M checkpoint of the cell cycle (131). Additionally, CHK1
phosphorylates the sequence-specific transcription factor p53 at serine 20, which in turn leads
to its activation (132–135). p53 can also be phosphorylated directly by ATR at serine 15, fur-
ther enhancing its transactivating activity (Figure 3). Additionally, ATR phosphorylates MDM2,
resulting in the degradation of this p53-inhibitor, thereby stabilizing p53 (136). Together, such
mechanisms increase the amount of active p53 in the cell after UV irradiation, leading to acti-
vation of its target genes (Figure 3). The importance of inducing these genes during the UV
response is underscored by the fact that p53−/− cells display increased UV sensitivity and are de-
ficient in repairing UV-induced DNA lesions. The latter might be explained by the fact that p53
regulates the expression of several key DNA damage repair genes, such as XPC, DDB2 (XPE),
and PCNA (25). In addition, p53 orchestrates the cellular response to UV damage by inducing the
expression of both proapoptotic and prosurvival genes (137), whose functions normally offset each
other. However, most proapoptotic genes are short and therefore have a relatively low chance of
attaining transcription-blocking DNA damage. In contrast, most p53-induced prosurvival genes
are longer, thereby increasing the chance of having DNA lesions that inhibit their transcription.
Consequently, high doses of UV and/or deficient NER may tilt the balance toward a proapopto-
sis signal, resulting in cell death. Indeed, while p53 phosphorylation and expression of its target
genes normally decrease within 2–8 h of UV exposure, in NER-deficient cells, high levels of p53
phosphorylation have been observed up to 72 h after UV irradiation (138). The tight connection
between DNA damage repair and p53 function also underscores the importance of choosing the
right cell line for studying certain DNA damage response mechanisms, as several commonly used
cell lines do not have functional p53.

7. THE TRANSCRIPTIONAL RESPONSE TO DNA DAMAGE

While UV irradiation activates a relatively small group of genes, it otherwise generally results in
robust repression of transcription across the genome: a dramatic transcription shutdown.Not sur-
prisingly, transcript elongation is inhibited by the presence of DNA lesions. However, inhibition
of transcription after UV irradiation is not limited to the area of a gene containing DNA lesions.
For example, it was found that nuclear extracts from UV-irradiated cells have reduced transcrip-
tion capacity in vitro, even of an undamaged DNA template (139). Moreover, undamaged DNA
transfected into UV-irradiated cells is transcribed at reduced rates (140). These findings suggest
that there is a wider signaling cascade taking place in cells to generally shut down transcription
while still allowing activation of the damage-inducible genes.

Measurements of nascent transcription after UV irradiation revealed that the level and ki-
netics of the transcriptional shutdown are UV-dose-dependent (141) but generally follow the
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Figure 4

Model for the genome-wide transcriptional response to UV irradiation. (a) In the absence of UV irradiation, unphosphorylated RNAPII
is recruited from the free pool of RNAPII to the promoters of genes, phosphorylated for elongation, and dephosphorylated and
recycled after transcription termination. (b) Immediately after UV irradiation, transcription elongation rates decrease, and an increased
release of promoter-proximal paused RNAPII into the gene body can be observed. (c) RNAPII stalls at lesions. Because lesion-stalled
RNAPII is often degraded, the pool of free RNAPII is depleted, and transcription initiation is drastically reduced after a few hours.
(d) After DNA damage has been repaired and the RNAPII pool has been restored, transcription is restarted from the promoter.

same trend of inhibition within an hour and recovery to baseline after approximately 18–24 h.
In NER-deficient patient cells, RNA synthesis recovery rates are much lower (141). More re-
cently, genome-wide studies of nascent transcription have provided temporal and single-gene
resolution for the effects of UV irradiation. During the early phase (the first hour or so after
UV exposure), transcript elongation rapidly decreases genome wide, except for short genes (53,
142, 143). In addition, while transcription initiation is relatively unaffected, there is increased re-
lease of RNAPII from promoter-proximal areas into gene bodies (143–145). After several hours,
transcription initiation is also inhibited, resulting in a general transcription shutdown (Figure 4)
(53, 142, 143).

7.1. Slowing Down of Transcript Elongation

The initial inhibition of transcript elongation is not just the consequence of RNAPII stalling
at DNA lesions but is also due to a genome-wide reduction in elongation rates (Figure 4b)
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(143, 146). This can also be seen from the fact that mRNA splicing patterns change globally upon
UV irradiation in a manner consistent with altered elongation rates (146). The exact mechanism
underlying this phenomenon is currently unknown but might be related to altered activity of
elongation factors such as PAF1, ELOF1, and FACT (51, 62, 63, 147, 148).

7.2. Promoter-Proximal Release of RNAPII

Normally, RNAPII pauses briefly in the promoter-proximal region (60–150 bp downstream of the
transcription start site) before it engages in processive transcript elongation, due to the inhibitory
action of proteins such as DSIF and NELF (149). Interestingly, upon UV irradiation, an increase
in promoter-proximal pause release is observed (Figure 4b) (143–145). Such release is generally
regulated by phosphorylation of DSIF, NELF, and the serine 2 residues of the RNAPII CTD
by the CDK9 subunit of p-TEFb kinase (149), which results in the displacement of NELF and
release of RNAPII into the gene body. These same proteins play a role in the increased clearance
of RNAPII from the promoter-proximal region after UV irradiation. The active form of p-TEFb
is usually sequestered by the 7SK snRNP, rendering it inactive (150). UV irradiation results in
the activation of p38, which stimulates the promoter-proximal release in two ways (151, 152). On
one hand, it stimulates the binding of RBM7 with 7SK, leading to the release of the active p-
TEFb and increased phosphorylation of promoter-proximally paused RNAPII (150, 152). On the
other hand, active p38 phosphorylates RNA-binding proteins such as NELF (151). This has been
shown to promote the recruitment of 14-3-3 and dissociation of NELF from chromatin, thereby
counteracting its inhibitory role in pause release (151). Finally, the PAF1 complex has also been
shown to play a role in the increased promoter-proximal release of RNAPII after UV irradiation
(148). Increased release from promoter-proximal pausing into genes has been proposed to enable
cells to promote uniform and accelerated surveillance of the whole transcribed genome and to
increase TC-NER upon UV irradiation (144).

7.3. Inhibition of Transcription Initiation

Finally, several hours after the induction of DNA damage, transcription initiation is inhibited
genome wide (Figure 4c). Over the years, different models have been proposed to explain this
phenomenon, including sequestration of TBP at the site of DNA damage and UV-induced
transcriptional downregulation by the general transcription repressor ATF3 (153–155). While
multiple different mechanisms likely contribute to UV-induced repression, recent findings point
to a critical role for RNAPII abundance (53). It has long been known that free, unphosphorylated
RNAPII major subunit RPB1 rapidly disappears upon UV irradiation, followed by a decrease in
the hyperphosphorylated RNAPII form, which is engaged in transcript elongation (139, 156).
This is not due to more rapid degradation of the unphosphorylated RNAPII form but rather to
its gradual conversion to the hyperphosphorylated form under conditions where only relatively
few polymerases manage to finish transcription of a gene and get recycled to replenish this pool of
free, initiation-competent, unphosphorylated RNAPII (Figure 4) (53). In fact, in the first hours
after UV irradiation, polymerases initiate transcription normally (and become hyperphosphory-
lated), but they then reach a DNA lesion, where they are often poly-ubiquitylated at RPB1 K1268
and degraded. Indeed, unless DNA lesions are efficiently removed by TC-NER, this polymerase
degradation cycle continues and eventually leads to depletion of free, unphosphorylated RNAPII.
Without free polymerase, no new transcription can initiate (Figure 4c). Importantly, in RPB1
K1268R cells, transcription initiation does not become repressed after UV irradiation (53); this is
because RPB1 in these cells is not degraded after UV irradiation but is instead recycled from sites
of DNA damage by unknown mechanisms (see Section 5). Interestingly, a recent study suggests
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that RPB1 ubiquitylation by an unknown E3 ligase and subsequent degradation may occur not
only at DNA lesions but also when RNAPII is at the transcription pause site (157). This might
represent an example of signaling in trans from DNA damage (or damaged membranes) to E3
ligases regulating RPB1 ubiquitylation.

While the data described support the idea that ubiquitylation of RPB1 triggers downregula-
tion of transcription via proteasome-mediated degradation of RPB1, it cannot be ruled out that
ubiquitin-mediated signaling also plays a role independently of RPB1 degradation. Indeed, RPB1
is poly-ubiquitylated not only with proteasome-targeting K48-linked ubiquitin chains but also
with K63 chains (88), which are typically responsible for signaling. Nevertheless, the transcrip-
tional response to UV irradiation, including an intriguing and persistent upregulation of short
genes in UV-irradiated K1268R mutant cells compared to WT cells, was faithfully modeled in
silico simply by introducing into the computational model a requirement that WT cells deplete
their RPB1 levels after UV irradiation, while K1268R cells do not (53).

7.4. Transcription Restart

Once transcription-blocking, UV-induced damage is repaired, transcription resumes. Genome-
wide analysis of UV-irradiated cells has revealed that transcription recovery occurs as a wave in
the 5′→3′ direction, suggesting that much of the transcription restart occurs from the promoters
of genes (Figure 4d) (142). Indeed, later analysis of genome-wide repair following synchronized
release of RNAPII from promoter-proximal regions resulted in the conclusion that RNAPII
molecules are likely removed from the DNA template when they encounter a lesion (103), further
suggesting that restart does not occur from the sites of DNA repair.Moreover, even in the absence
of RPB1 degradation (in K1268R cells), polymerases do not pile up at sites of DNA damage (53).
These new developments in the field are important: They question the previously ingrained idea
that RNAPII remains on the template during repair; i.e., it merely backtracks to allow TC-NER
(Figure 2d) but stays engaged and then restarts its journey after the lesion has been removed. In
this newmodel, the vast majority of restart occurs from the promoter of the affected gene by newly
recruited RNAPII (Figure 2c) rather than from the lesion site by the previously stalled RNAPII.

Regardless of the precise definition of restart, a failure to restart transcription after UV-
irradiation is a hallmark of cells deficient in TC-NER (141). It has always been thought that
the failure to recover transcription in these cells is caused by a defect in TC-NER. However,
recent data suggest that another reason for the lack of transcription recovery in UV-irradiated
CSB-deficient cells may in fact be long-lasting depletion of RPB1 levels. Indeed, expression of
the nondegradable form of RNAPII (RPB1 K1268R) in CSB knockout cells was enough to rescue
the defect of these cells in transcription restart (53). This might explain why, at timepoints when
WT fibroblasts have recovered transcription, CSB patients’ cells fail to transcribe, even when the
DNA template is undamaged (139, 140). This finding implies not only that RNAPII levels play a
role in determining the level of restart but also that DNA damage in genes cannot itself be the rea-
son for lack of transcription restart after UV irradiation in CSB-deficient cells. Interestingly, the
results with the CSB-deficient K1268R cells also open the possibility that DNA damage removal
in genes, which must occur to allow transcription of long genes to recover, might come about
at least partly via the mammalian equivalent of the still poorly understood Rad26-independent
pathway in yeast, which requires the Rpb9 subunit of RNAPII (53, 158).

A number of additional factors have been shown to affect transcription restart after UV
irradiation. One such example is the elongation factor ELL. Depletion of ELL, shown to be an
interactor of the TFIIH complex, does not affect repair of damaged DNA, but strongly affects
transcription recovery (159). Mechanistic insight into the role of ELL in transcription restart
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remains to be reported. Like ELL, the H3.3 histone chaperone HIRA was also found to be
necessary for genome-wide transcription recovery after UV irradiation (160, 161). Initially, it
was suggested that the deposition of H3.3 marks on damaged DNA by HIRA might act as a
signal for other factors to restart transcription once repair is finished (160). However, it has
more recently been shown that the function of HIRA in transcription restart is independent of
H3.3 deposition and may instead be linked to its role in stabilizing the associated factor UBN2
(161). Several other chromatin remodelers, such as FACT, DOT1L, and SIRT, have also been
reported to play a role in transcription recovery (162–164). The exact mechanisms by which they
facilitate transcription restart remain unclear. Indeed, whether such factors are required, directly
or indirectly, for resetting chromatin structure specifically around repair sites, or in general for
allowing pioneer transcription after general transcription shutdown, is unclear.

7.5. UV-Induced Changes in Alternative Splicing

Given the drastic effect of UV-induced DNA damage on transcription, it is not surprising that
cotranscriptional processes are also affected. Best characterized is the effect of UV irradiation on
alternative mRNA splicing, which in turn has an impact on gene expression and cellular signaling
(146). Most notably, UV irradiation affects whether an exon is included or excluded from a ma-
ture mRNA, as reflected by increased levels of exon inclusion/skipping and usage of alternative
last exons (127, 143, 146). These changes in alternative splicing can have marked consequences
for the function of the affected genes. For example, the predominant isoform of Bcl-x is Bcl-xL,
but UV irradiation or cisplatin treatment results in a change in its alternative splicing pattern, so
that the isoform Bcl-xS is expressed at high levels (146, 165). Importantly, while Bcl-xL promotes
cell survival, the shorter Bcl-xS isoform has proapoptotic functions. UV-induced alternative splic-
ing changes can thus result in the differential expression of isoforms with antagonistic functions.
Another key example of this is ASCC3. ASCC3 is a component of the activating signal cointe-
grator 1 (ASC1) complex and its protein-coding mRNA isoform functions to somehow repress
transcription after UV irradiation. However, UV-induced alternative splicing changes result in
the expression of a long noncoding RNA transcript with an alternative last exon, which is essen-
tial for transcription restart (143). By modulating the expression of these isoforms with opposite
functions, the cell can regulate the transcriptional and cellular response to UV irradiation.

Two kinds of evidence indicate that UV-induced regulation of alternative splicing occurs in
trans and not merely because of transcription-blocking damage in the template DNA. First, UV-
induced alternative splicing changes also occur in a plasmid-encoded reporter minigene if it is
transfected into cells after they are UV irradiated (146). Strikingly, if nonirradiated cells are co-
transfected with an untreated alternative splicing reporter minigene and a plasmid DNA that is
UV irradiated in vitro, this leads to changes in alternative splicing of the untreated reporter sim-
ilar to those observed in response to UV irradiation of cells (166). The mechanisms by which
UV irradiation induces such splicing changes remain poorly understood. UV-induced alterna-
tive splicing has been observed in response to both a reduction in transcript elongation rates (the
kinetic coupling model) and changes in the recruitment of spliceosome components and other
splicing factors (the recruitment coupling model). The rate of transcript elongation has long been
known to influence the decision to include or exclude an exon (167). It is therefore likely that
many of the UV-induced alternative splicing changes are a consequence of the reduced elonga-
tion rates observed uponUV exposure (146). In addition, components of the activated spliceosome
have been shown to be depleted from chromatin after UV irradiation, resulting in the formation
of R-loops (127). Transcription rates and spliceosome displacement seem to be dependent on
ATR and ATM respectively, though the mechanisms by which they are affected remain unclear
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(127, 166). Finally, a minority of UV-induced alternative splicing changes likely stem from al-
terations in the phosphorylation status and/or subcellular localization of splicing factors such
as hnRNPA1, EWS, SRSF10, and hSLU7 (165, 168–170). Given that many of these alternative
splicing factors have cell-type enriched expression patterns, their effect on UV-induced alterna-
tive splicing might be restricted to specific cell types. Indeed, UV irradiation has been shown to
regulate alternative splicing differently in fibroblasts and keratinocytes (166).

8. DISEASES ASSOCIATED WITH MUTATIONS IN NUCLEOTIDE
EXCISION REPAIR GENES

Given that DNA damage repair is critical for maintaining genome integrity, it is not surprising
that pathogenic variants in genes involved in the NER pathway have been associated with human
diseases.This family of autosomal recessive diseases includes XP,CS, cerebro-oculo-facio-skeletal
syndrome (COFS), trichothiodystrophy (TTD), and UV-sensitive syndrome (UVSS) (171–175).
These are all genetically and clinically heterogeneous, thereby compounding the identification of
clear genotype–phenotype relationships. While observed only in a subset of COFS, TTD, and
CS patients, photosensitivity, (i.e., an exaggerated response to sunlight exposure, often resulting
in skin burns and blisters) is a hallmark phenotype of individuals with XP and UVSS (175). Re-
gardless, cultured fibroblasts of all individuals with NER diseases are sensitive to UV irradiation
(171–175). Surprisingly, only XP patients have an increased risk of developing cancer of skin and
mucous membranes. The 1,000-fold increased risk of skin cancer observed in patients with muta-
tions in XPA–XPG is thus not observed in CS patients carrying mutations in the TC-NER genes
ERCC8 (CSA) and ERCC6 (CSB) (176), suggesting that elevated risk is the consequence of im-
paired GG-NER but not TC-NER, i.e., that the more rapid DNA repair enabled by TC-NER is
not required to prevent UV-induced, cancer-driving mutations.

8.1. Cockayne Syndrome Is a Transcription Disease

Historically, CS was considered a DNA repair disease, as it correlates with mutations in the genes
encoding the TC-NER components CSA and CSB. Hallmark phenotypes of CS include a de-
velopmental delay, progressive growth failure, and microcephaly. Additionally, patients frequently
present with additional symptoms such as retinal degeneration, cataracts, or sensorineural hear-
ing loss (174). Evidence has been accumulating that the much more severe symptoms observed in
CS patients are in fact the result of transcription defects (140, 164, 177, 178). Importantly, while
the general NER proteins are absolutely required for TC-NER as well, their mutation does not
result in the severe symptoms seen in CS patients but rather in the milder symptoms associated
with XP. In itself, this argues that although CS is likely to be caused by problems arising from
transcription-blocking lesions, it cannot be the actual removal of these lesions that is problematic;
TC-NER in XP-A, XP-F, and XP-G patients is as defective as it is in CS-A and CS-B patients.
Moreover,while the neurological abnormalities observed in someXP patients appear to stem from
neurodegeneration, in CS they are more likely the result of compromised neuronal development
(179) and hypomyelination of neurons (180). Of course, neurons are not exposed to UV irradia-
tion. Thus, transcription-blocking lesions likely stem from endogenous sources of DNA damage,
such as oxidative stress (see the sidebar titled Nucleotide Excision Repair Factors and Repair of
Oxidative Damage). Importantly, endogenous formaldehyde was recently found to impede tran-
scription, with marked physiological consequences. Indeed, cells deficient in both formaldehyde
clearance and CSB function [ADH5/ERCC6 (CSB) double knockout] show hypersensitivity to
formaldehyde and evidence of transcription stress, including decreases in the RPB1 pool upon
formaldehyde treatment. Importantly, Adh5−/−/Csbm/m mice develop cachexia and neurological
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NUCLEOTIDE EXCISION REPAIR FACTORS AND REPAIR OF OXIDATIVE DAMAGE

Oxidative lesions are assumed to bemostly repaired by glycosylases of the base excision repair (BER) pathway.How-
ever, some oxidative lesions such as cyclopurines do not have specialized glycosylases and are repaired byNER.More
interestingly, NER factors generally contribute to BER (reviewed in 202). The most abundant oxidative lesion, 8-
oxoguanine, is cleaved by the OGG1 glycosylase. The repair intermediate is a single strand break that is further
processed by downstream BER factors such as APE1, XRCC1, Pol β, and LigIII. This intermediate blocks tran-
scription, and CSB,UVSSA, and XPA are involved in its repair (203). Furthermore, transcription and CSB promote
enhanced recruitment of downstream BER factors, thus pointing to the existence of a TC-BER pathway (204).

defects and succumb to kidney failure, all characteristic of CS (181). This study provides evidence
that CSB protects organs such as the kidney and the brain against DNA damage and transcription
stress caused by endogenous formaldehyde.

The first indications that CS is a transcription syndrome can be found in the early discovery
that CS cells have reduced transcription even in the absence of UV irradiation (43, 182). Puri-
fied TFIIH from XP/CS cells also cannot support transcription to the normal level in vitro (183).
Moreover, cell culture experiments, animal models, and postmortem tissue from CS patients have
revealed that loss of function of CSB results in global gene expression changes even in the absence
of DNA damage, resulting in upregulation of inflammatory genes and downregulation of neuronal
genes (177, 178, 184, 185). Indeed, CSB-deficient cells cannot be differentiated into neurons, nor
can fibroblasts fromCS patients be reprogrammed to neurons (177, 178, 186, 187), suggesting that
CSB is required for the development and maintenance of neuronal identity. Recent data suggest
that the altered transcription programs in CS patients might at least partly be due to destabi-
lization of RPB1, resulting in a relative depletion of the RNAPII pool (53). In this context, it is
interesting to note that pathogenic variants in POLR2A, the gene that encodes RPB1, also result
in neurodevelopmental defects (188).

SUMMARY POINTS

1. Bulky DNA lesions are detected by two distinct repair subpathways, global genome nu-
cleotide excision repair (GG-NER) and transcription-coupled nucleotide excision repair
(TC-NER), which converge in downstream repair steps.

2. RNA polymerase II (RNAPII) stalling promotes rapid repair of lesions in the transcribed
strand.

3. Ubiquitylation of GG-NER and TC-NER factors increases the efficiency of DNA
repair.

4. UV-induced gene activation is mediated by membrane-associated and DNA damage–
induced signaling cascades.

5. UV irradiation results in a global transcriptional response that includes a reduction of
transcription elongation rates and a genome-wide transcription shutdown.

6. RPB1 degradation plays a central role in the transcription shutdown afterUV irradiation.

7. Neurodevelopmental phenotypes in Cockayne syndrome are the result of transcription
dysregulation.
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FUTURE ISSUES

1. What determines the fate of RNAPII during TC-NER?

2. What is the precise role of RPB1 ubiquitylation in TC-NER? Do mono-ubiquitin or
K63-linked chains also play a role?

3. What is the role of CSB ubiquitylation? Can this be analogous to the role of XPC
ubiquitylation in GG-NER?

4. How is transcription restart regulated? Which factors are required?

5. How is ATR-mediated gene induction regulated through in trans signaling from
damage-stalled RNAPII?

6. What is the role of poorly understood factors such as STK19 in TC-NER?
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